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The secondary scintillation yield is of great importance for simulating double phase detectors, which
are used in several of the ongoing Dark Matter search experiments, as well as in the future large-
scale particle detectors proposed in Europe as the next generation underground observatories. The argon
secondary scintillation yield is studied, at room temperature, as a function of electric ﬁeld in the gas
scintillation gap. A Large Area Avalanche Photodiode (LAAPD) collects the VUV secondary scintillation
produced in the gas, as well as the 5.9 keV x-rays directly absorbed in the photodiode. The direct x-
rays were used as a reference for the determination of the number of charge carriers produced by the
scintillation pulse and, so, the number of photons impinging the LAAPD. A value of 81 photons/kV was
obtained for the scintillation ampliﬁcation parameter, deﬁned as the number of photons produced per
drifting electron and per kilovolt. The scintillation yields obtained in this work are in agreement with
those obtained by Monte Carlo calculations and a factor of ∼ 10 higher than those determined by the
WARP experiment.
© 2008 Elsevier B.V. Open access under CC BY license.1. Introduction
Experiments to search for “cold” Dark Matter predicted by the
Standard Model are a high point in contemporary particle physics
and cosmology. Double phase detectors with a noble gas as the ac-
tive target are used in several of the ongoing Dark Matter search
experiments [1–4], as well as in the future large-scale particle de-
tectors proposed in Europe as the next generation underground
observatories [5]. The weakly interacting, massive sub-atomic sized
WIMPs (Weakly Interacting Massive Particles) may produce nuclear
recoils with energies ranging from 10 to 100 keV. The simultane-
ous detection of both ionisation and scintillation signals in a noble
gas/liquid can lead to a unique signature for the energy deposited
by the recoiling nucleus in the target volume, like the ICARUS Col-
laboration already showed in 1993 [6]. The low event rate, which
is for Ar and Xe typically of the order of 0–6 event/kg/day, com-
pels the detector to have a very large mass, which is realistically
feasible for both liquid Ar and Xe. Regarding the characteristically
low rate and high background of these experiments, to effectively
discriminate de recoiling events from the background it is crucial
to have the highest possible gain in the detector.
Since long it has been known that secondary scintillation pro-
vides signals several orders of magnitude larger than the corre-
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Open access under CC BY license.sponding charge signals [7,8], making them most suitable to apply
to this kind of experiments. Therefore, especially in experiments
with very low event rates and/or high background levels, as are
the Dark Matter experiments, it is of great importance to use the
secondary scintillation signal rather than the charge signal.
The WARP (WIMP Argon Programme) [4,9] and the study of
coherent neutrino–nucleus scattering [10] make use of secondary
scintillation ampliﬁcation in the gas phase of their Ar double-phase
detectors. While for Xe the secondary scintillation yield is already
well-established [11] and references therein, for Ar this is not the
case. In the literature, the only references we found were a Monte
Carlo simulation study [12] and an experimental study of WARP
[9]. While [10] quotes the results of Dias et al. [12], the WARP
team reports a value of 32 photons/primary electron/cm in Ar, at
a pressure of 1 bar and a temperature of 87 K, for an electric ﬁeld
of 5 kV/cm, which is almost one order of magnitude lower than
the Monte Carlo values of [12]. This disagreement created a gap in
this issue and, considering the convenience of the direct applica-
tion, e.g., in high-gain double-phase Ar detectors for Dark Matter
search, led to the necessity for the determination of the secondary
scintillation yield in Ar more accurately.
In the current work, we present the results for the electrolu-
minescence yield obtained for Ar through a simple method that
makes use of just one experimental setup, without the need for
calibration/comparison procedures, which are sometimes diﬃcult
to carry out and often a source of additional errors. This method
has been extensively used to measure the primary scintillation
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yield in inorganic crystals [13] and we have already used it as well
for the determination of the secondary scintillation yield in Xe [11],
and the results we obtained were in very good agreement, both
with experimental results from other groups as well as with Monte
Carlo simulation studies and Boltzmann calculations [11] and ref-
erences therein, which brings out the reliability of the method. We
compare our results for Ar with those from [4,9,12] in the litera-
ture and also with the results we obtained earlier for Xe [11].
2. Experimental setup
The experimental system we used is a Large Area Avalanche
Photodiode (LAAPD) based Ar-ﬁlled Gas Proportional Scintillation
Counter (GPSC), depicted schematically in Fig. 1 and is the one
used in [14].
The uniform ﬁeld GPSC has a 2.5 cm deep drift/absorption re-
gion, a 0.8 cm deep scintillation region and is ﬁlled with 1.52 bar
of Ar, continuously puriﬁed through St707 SAES getters [15]. The
LAAPD is placed just below the second grid, G2. Grids G1 and G2
are of highly transparent stainless steel wire, 80 μm in diameter
and 900 μm spacing. The detector radiation window is made of
Melinex, 6 μm thick, 2 mm in diameter. A Macor piece isolates the
holders of both radiation window and grid G1. A low vapour pres-
sure epoxy was used to vacuum-seal the Macor piece, the radiation
window and holder as well as the voltage feedthrough of G1. The
LAAPD is vacuum-sealed by compressing the photodiode enclosure
against the stainless steel detector body, using an indium ring.
The GPSC radiation window and its focusing electrode are op-
erated at negative voltage while G2-holder, as well as the LAAPD
enclosure, are maintained at ground potential. The voltage differ-
ence between the radiation window and G1 determines the re-
duced electric ﬁeld (the electric ﬁeld intensity divided by the gas
pressure, E/p) in the absorption region, while the voltage of G1
determines the reduced electric ﬁeld in the scintillation region. The
LAAPD is a deep-UV enhanced series [16], has a 16 mm active di-
ameter and is biased at 1725 V, corresponding to a gain of ∼ 40.
The LAAPD signals are fed through a low-noise, 1.5 V/pC, charge
pre-ampliﬁer to an ampliﬁer with 2 μs shaping time, and are
pulse-height analysed with a multi-channel analyser (MCA).
The pulse-height distributions are ﬁt to Gaussian functions su-
perimposed on a linear background, from which the pulse ampli-
tudes, taken as the Gaussian centroid, are determined.
3. Method
Incident x-rays interact mostly in a region where the electric
ﬁeld is lower than the gas excitation threshold, the absorption re-Fig. 2. Pulse-height distribution obtained, for 5.9 keV x-rays, with the Ar GPSC with
a large-area APD as photosensor. E/p values of 0.15 and 3.75 kV cm−1 bar−1 were
used in the absorption and scintillation region, respectively. The APD was operated
at a gain of ∼ 40.
gion, and the resulting primary electron cloud drifts into a region
with a stronger electric ﬁeld, but lower than the gas ionisation
threshold, the scintillation region. Upon crossing the scintillation
region, the primary electrons gain from the electric ﬁeld enough
energy to excite but not ionise the gas media producing, as a re-
sult of the gas atoms de-excitation processes, a light-pulse that
is proportional to the number of primary electrons, and so, to
the incident x-ray energy. The statistical ﬂuctuations associated to
the light ampliﬁcation processes are negligible when compared to
those associated to charge avalanche ampliﬁcation characteristic of
the proportional counters, as well as to those associated to the pri-
mary electron cloud formation.
The secondary scintillation, or proportional scintillation, is also
called electroluminescence, which reduced yield, Y /p, we deﬁne as
being the number of secondary scintillation photons produced per
drifting primary electron per unit path length and per unit pres-
sure. It can also be given as Y /N , i.e., the number of secondary
scintillation photons produced per drifting primary electron per
unit path length divided by the number density of the gas, N .
For pressures above a few tenths of bar the electroluminescence
spectrum of Ar consists of a narrow line peaking at 128 nm, with
5 nm FWHM [17], called the second continuum. It corresponds to
transitions of the singlet and triplet bound molecular states, from
vibrationally relaxed levels, to the repulsive ground state.
At atmospheric pressure, most of the emission is centered in
the second continuum, being the emissions in the visible and in
the IR regions negligible in comparison with those in the VUV
range [17,18].
The processes leading to emission in the second continuum oc-
cur through three-body collisions and can be schematized by
Ar∗ + 2Ar → Ar∗2 + Ar,
Ar∗2 → 2Ar+ hυ.
One excited atom creates an excited excimer, Ar∗2, which decays
emitting one VUV photon, hυ .
Fig. 2 depicts a typical pulse-height distribution taken with this
detector when irradiated with 5.9 keV x-rays from a 55Fe radioac-
tive source. The Mn Kβ -line was absorbed by means of a chromium
ﬁlm. The spectral features comprise the Ar scintillation peak, the
Ar K-ﬂuorescence escape peaks, a peak resulting from the direct
interaction of the 5.9 keV x-rays in the LAAPD, and the electronic
noise tail in the low-energy limit.
The amplitude of the scintillation peaks depends on both scin-
tillation region and LAAPD biasing. As for the amplitude of the
events resulting from direct x-ray interaction in the LAAPD, it just
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direct interaction in the LAAPD are visible even when the elec-
tric ﬁeld applied to the scintillation region is zero or reversed.
Comparing both pulse-height distributions, a ratio can be found
between the pulse amplitudes resulting from the 5.9 keV x-ray
full-absorption in the gas, i.e. from the Ar scintillation, and di-
rect absorption in the LAAPD. This ratio allows a direct quantiﬁ-
cation of the number of VUV-photons impinging the LAAPD, given
its quantum eﬃciency. According to the manufacturer, the LAAPD
fabrication technology is well established, and quite good repro-
ducibility is obtained. Therefore, the behaviour observed for indi-
vidual LAAPDs is expected to be representative for any of these
devices [19]. For the LAAPDs we acquired, the manufacturer [20]
provided a value of Q E ∼ 0.55 for the number of charge carriers
produced in the LAAPD per incident 128 nm VUV photon. We con-
sider an uncertainty of ∼ ±0.10 for the LAAPD quantum eﬃciency
[19,21,22], being this the major source of uncertainty in our mea-
surements.
The average number of primary electrons produced by the full
absorption of the 5.9 keV x-rays in Ar is
Ne = 5895 eV
26.4 eV
∼= 224 electrons, (1)
considering a w-value for Ar of 26.4 eV [23].
For a reduced electric ﬁeld of 3.75 kV cm−1 bar−1, and for low
LAAPD gains, ∼ 40, where gain non-linearity in the photodiode is
less than 1% [24], the ratio between the pulse amplitudes resulting
from 5.9 keV x-ray full-absorption in Ar and those absorbed in
the LAAPD is AUV/AXR = 4.8. Considering a w-value in silicon of
3.62 eV [25], the average number of free electrons produced by full
absorption of the 5.9 keV x-rays in the photodiode is
NXR = 5895 eV
3.62 eV
∼= 1.63× 103 electrons. (2)
For the scintillation pulses due to the 5.9 keV x-ray full-absorption
in the gas, the average number of VUV photons that reach the pho-
todiode is
NUV,APD = AUV
AXR
× NXR
Q E
∼= 1.42× 104 photons. (3)
The average solid angle, Ω , subtended by the active area of the
photosensor for the primary electron path has been computed ac-
curately by Monte Carlo simulation [26]. A value of
Ωrel = Ω4π
∼= 0.215, (4)
was obtained for the geometry used. Hence, the total number of
VUV photons produced by full absorption of the 5.9 keV x-rays in
the detector is
NUV,total = NUV,APD
Ωrel × T
∼= 7.8× 104 photons, (5)
where T is the grid optical transparency, which we calculated to
be 84%.
In this way, the reduced secondary scintillation yield, Y /p, de-
termined for 3.75 kV cm−1 bar−1 is
Y
p
(
3.75 kVcm−1 bar−1
)
= NUV,APD
Ne × d × p
∼= 290 photons/electron/cm of drift path/bar. (6)
Taking into account the distortion of the electric ﬁeld around the
wires of the anode mesh, G2, the above obtained scintillation yield
is somewhat overestimated due to the additional scintillation pro-
duced in the more intense ﬁeld around the wires. To calculatethe extent of this effect, a 3D electric ﬁeld simulator was used
to obtain the ﬁeld values in the scintillation gap and around the
wires. The electric ﬁeld departs from a constant value in the gap,
increasing towards the wires for distances lower than 500 μm.
The calculation of the ionization and scintillation produced around
the wires was performed making use of the values for the ﬁrst
Townsend coeﬃcient for Ar presented in [27] and the values for
the excitation coeﬃcients of a 3D Monte Carlo simulation of elec-
tron transport in noble gases [28,29]. The additional scintillation
due to this effect was found to be only few percent of the total
scintillation produced between G1 and G2, being around 1% for
E/p values of 3.75 kV cm−1 bar−1, increasing with decreasing E/p
in the gap and reaching 6% for an E/p value of 1.2 kV cm−1 bar−1.
4. Experimental results and discussion
Y /N , the electroluminescence yield divided by the number
density of the gas, is shown in Fig. 3 as a function of reduced elec-
tric ﬁeld, E/N , in the scintillation region. These values have already
been corrected for the additional scintillation produced around the
anode wires. Simulation results from one-dimensional Monte Carlo
and experimental results from WARP are also presented for com-
parison [9,12]. We have also included the results obtained earlier
for Xe [11], so we can observe both gases, Ar and Xe simultane-
ously.
As expected [30], the behaviour of Y /N with E/N is approxi-
mately linear and can be given by
Y /N
(
10−17 photons electron−1 cm2 atom−1
)
= 0.081E/N − 0.190, (7)
where E/N is given in Td(10−17 Vcm2 atom−1). Eq. (7) is univer-
sally valid, e.g. for room temperature as in the case of the present
measurements, and LAr temperature as in the case of the WARP
experiment.
We can also represent it as a function of pressure,
Y /p
(
photons electron−1 cm−1 bar−1
) = 81E/p − 47, (8)
where E/p is given in kV cm−1 bar−1. Eq. (8) is valid at a given
temperature, T , being T used to convert the density into pressure.
The slope of the linear dependence denotes the scintillation
ampliﬁcation parameter, i.e., the number of photons produced per
drifting electron and per volt. Above the Ar ionisation threshold,
∼ 3.0 kVcm−1 bar−1 (corresponding to E/N ∼ 12 Td at 293 K), the
reduced scintillation yield exhibits the typical exponential growth
in the number of ionisation electrons in the scintillation gap. This
is due to the fact that these electrons produce additional scintilla-
tion, while Y /N is calculated per primary electron.
By extrapolation to zero scintillation, we found the excitation
threshold for Ar to be about 0.7± 0.1 kVcm−1 bar−1 (correspond-
ing to E/N ∼ 2.7± 0.3 Td at 293 K).
Comparing our experimental results for Ar with the Monte
Carlo simulation results from [12] for a one-dimensional model
one can see that our results agree well with the former, within
errors. The main difference is the excitation threshold which, how-
ever, is in good agreement with [30–32]. According to our sim-
ulations, for an E/p value of 0.7 kV cm−1 bar−1, the scintillation
produced around the wires is more than 90% of the total scin-
tillation produced in the gap. Preliminary results from a detailed
3D Monte Carlo program do not present signiﬁcant differences
from those obtained with one-dimensional Monte Carlo simula-
tion [29].
Also, one can see that the experimental results from WARP are
about one order of magnitude lower, which could be due to incor-
rect calibration/normalization procedures, or else to the presence
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ﬁeld for this work, as well as for data from Monte Carlo simulation [12] and exper-
imental data from WARP [9] reported in the literature. For comparison, the results
for Xe [11] have been added.
of impurities in the active target, since the scintillation produc-
tion is very sensitive to this parameter [33], unlike charge produc-
tion. Electron collisions with molecular impurities lead to energy
losses through the excitation of rotational and vibrational molec-
ular states, which de-excite without emitting scintillation. Thus,
higher impurity content will result in less eﬃcient energy trans-
fer from the electric ﬁeld to photons, leading to lower scintillation
ampliﬁcation values.
The difference in temperature of both experimental setups,
namely room temperature and 87 K, do not justify the difference
in the results, as demonstrated, for Xe, in [11,34] and references
therein.
The scintillation ampliﬁcation parameter in Ar is about 60% of
that in Xe.
5. Conclusions
We have performed experimental studies on the reduced elec-
troluminescence yield of pure Ar at room temperature and com-
pared the obtained outcome with both Monte Carlo simulation
and experimental results from WARP reported in the literature.
The experimental measurements were taken with a gas propor-
tional scintillation counter (GPSC) instrumented with a large area
avalanche photodiode for the VUV secondary scintillation readout.
x-rays with energy of 5.9 keV were used to induce the secondary
scintillation production in the GPSC or to interact in the photo-
diode. The x-ray direct interactions in the LAAPD are used as a
reference for the determination of the number of charge carri-
ers produced by the scintillation pulse and, thus, the number of
VUV photons impinging the photodiode, given its quantum eﬃ-
ciency.
Our measurements have shown, for the ﬁrst time that, even for
room temperature, the scintillation ampliﬁcation parameter can beas high as that predicted by Monte Carlo simulation. A scintillation
ampliﬁcation parameter, i.e., the number of photons produced per
drifting electron and per volt of 81 photons/kV was measured for
reduced electric ﬁelds between 1.2 and 3.0 kV cm−1 bar−1. The re-
sults are in good agreement with those predicted by Monte Carlo
simulation for room temperature and about one order of mag-
nitude higher than what was experimentally obtained by WARP.
Differences in gas purity during the experimental measurements,
or else, incorrect calibration/normalization procedures may be
the factors responsible for the difference in the experimental re-
sults.
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